Background
Introduction
Mycobacterium tuberculosis (Mtb) is a worldwide public health threat responsible for approximately 8.6 million incident cases of tuberculosis (TB) and an estimated 1.3 million deaths annually [1] . The emergence and increasing prevalence of Mtb strains resistant to first and second line antituberculous medications are exacerbating the global TB epidemic [2] . Multidrug resistant (MDR) strains are Mtb strains resistant to both rifampicin (RIF) and isoniazid (INH), the most effective first-line drugs. Extensively drug resistant (XDR) Mtb strains, are defined as strains with MDR plus resistance to any fluoroquinolone (FQ) and one of the secondline injectable drugs used commonly for treating TB [3] . As of 2012, the World Health Organization (WHO) estimated the global prevalence of MDR-TB to be 3.6% among new TB cases and 20% among recurrent TB cases [1] .
As M/XDR-TB rates continue to increase, the development and implementation of rapid diagnostic systems for the detection of microbial resistance to prevent further transmission and promptly implement appropriate drug regimens are needed [4] . Automated liquid culture systems have significantly shortened turnaround times for drug susceptibility tests (DSTs) compared to solid media, but bacteriological assays are technically demanding and still require a sophisticated biosafety environment and approximately 7 to 10 days to complete [4] . Detection of genetic mutations that confer resistance to certain antimicrobial agents represents a more rapid alternative [4] . Currently, the only broadly available commercial assay for the rapid detection of second-line-drug resistance, including FQ resistance, the MTBDRsl assay (Hain Lifescience, Nehren, Germany), detects only the most common mutations found in the quinolone resistance determining region (QRDR) of gyrA [5] .
The main cellular target of FQs in Mtb is the DNA gyrase, a type II topoisomerase, which consists of two A and two B subunits encoded by gyrA and gyrB genes, respectively [2] . The genetic mechanism of resistance to FQs is a result of changes in the DNA gyrase, particularly, mutations in the QRDR of gyrA (codons 74 to 113) [6] and gyrB (codons 500 to 538) [7] . It has been estimated that roughly 60 to 90% of Mtb clinical isolates with FQ resistance have mutations in the QRDR of gyrA, particularly in codons 88, 90, 91, and 94 [8] [9] [10] . Mutations in gyrB have also been associated with FQ resistance, but with lower sensitivity and specificity, and they often co-occur with canonical gyrA mutations [11] [12] [13] [14] [15] and most often occur in codons 500 and 538 [16] . While most Mtb strains with gyrA mutations in the QRDR are FQ resistant, nearly all isolates with a wild type QRDR are FQ susceptible. The exceptions are the polymorphisms of gyrA at codons 21, 95 and 668 [14, 17, 18] , which do not appear to be related to resistance.
FQs have potent in vitro activities against Mtb [19] . However, FQs are widely used to treat bacterial infections of the respiratory, gastrointestinal, and urinary tract as well as sexually transmitted diseases, further contributing to the increasing levels of FQ resistance in Mtb [20, 21] . FQs have proven to be among the most effective second-line anti-mycobacterial drugs [14, 21] and are recommended for the treatment of drug-resistant TB and for persons intolerant of current first-line therapy [17, 22] . While resistance to some of the older generation of FQs has been shown to emerge during treatment of patients infected with FQ-susceptible strains [20] , newer generation FQs have become vital in the successful treatment of drug resistant TB [2, 3, 23] . As a result of the promising clinical activity of these newer FQs, the WHO currently recommends levofloxacin or moxifloxacin for the treatment of XDR-TB when ofloxacin resistance is present [24, 25] .
In order to characterize the gyrA and gyrB mutations associated with global phenotypic resistance to the most commonly used FQs in Mtb we conducted a systematic review of English language studies from May 1996 to April 2013. The overall goals of the study were to: 1) characterize the diversity and frequency of gyrA and gyrB mutations in FQ resistant Mtb and 2) to describe the global distribution of these mutations to help determine their potential utility and reliability as diagnostic markers for detecting phenotypic FQ resistance in Mtb.
Methods

Literature Search
A Medline search was conducted of all publications investigating gyrA and gyrB mutations associated with phenotypic FQ resistance in Mtb. The search was restricted to studies published from May 1996 through April 15, 2013, including those studies available online prior to publication. MEDLINE/PubMed key search terms used with the help of Boolean operators ('and', 'or') were: "tuberculosis," "fluoroquinolone," "resistance," "resistant" "gyrA," "gyrB," "mutation," "sequence."
Study Selection Criteria
Study selection criteria were similar to those described in Georghiou et al. [26] . Studies were included if they met the following predetermined criteria: i) published in English ii) presented original data and iii) assessed drug resistance mutations in clinical Mtb strains resistant to FQs (in vitro studies were excluded as laboratory generated mutations have been observed to be different from those found in clinical isolates) [27] . Studies were also excluded if they did not mention the specific FQ tested, did not perform or describe details of phenotypic drug susceptibility testing, did not perform sequencing as a method for determining mutations associated with drug resistance. Additionally, studies were excluded if they did not mention the country the clinical isolates originated from or if they listed multiple countries and did not distinguish clinical isolates by country.
Data Extraction and Entry
The following background variables were collected from the selected publications: author(s), year of publication, geographic origin of clinical strains, the reference strain used, methods for testing phenotypic drug susceptibility and genotypic mutations, MIC levels for each drug, genes sequenced, and loci of genes sequenced. The following mutation information was also recorded: specific gene mutation(s) found, FQ drug utilized for selection, number of resistant and susceptible isolates tested, and number of resistant and susceptible isolates demonstrating a mutation. Data was recorded and compiled using Microsoft Excel (Microsoft, Redmond, WA).
Data Collation and Cumulative Mutation Frequency Calculations
Data concerning mutations associated with FQ resistance were grouped by gene and stratified by the drug resistance phenotype associated with the mutation. Studies that specifically reported multiple mutations within a gene were also analyzed separately in order to determine the frequency of multiple mutations in genes associated with FQ resistance. Each mutation reported in a resistant Mtb isolate was considered independent of all others within and between studies (except where otherwise noted for multiple mutations in the same gene) and recorded as one instance of the mutation in the numerator of the cumulative mutation frequency calculations. Cumulative mutation frequency in resistant isolates was calculated as the number of resistant isolates in which the mutation was found, divided by the total number of phenotypically resistant isolates tested across studies. Cumulative mutation frequency in susceptible isolates was calculated as the number of susceptible isolates in which the mutation was found, divided by the total number of susceptible isolates tested across studies. As not all studies examined all mutations or all genes associated with resistance, isolates from a study were only included in the denominator of a cumulative frequency mutation calculation for a particular mutation if that mutation could have been detected in that study (i.e. the study sequenced the appropriate section of the gene). In order to accurately assess which gene fragments had been sequenced for each isolate, the exact start and end points of the gene fragments sequenced had to be determined. These endpoints were identified by entering the published primer sequences into the NCBI BLAST (Basic Local Alignment Search Tool) with Mtb H37Rv complete genome selected as the reference genome, Accession number NC_000962.3 and mapping the coordinates on Mtb H37Rv. Sequence fragments were inferred for articles that did not include primer sequences by using the outermost identified mutations as sequence endpoints. If several primers were included and sequenced fragments overlapped, the final dataset included only the outermost/inclusive primers.
The cumulative mutation frequency tables presented in the main body of the review represent the mutations that reached a frequency threshold, described as the following: 1) Isolates were included if a mutation was observed in at least two studies and reported resistance to at least two FQs with a frequency of at least 1% for any one of the FQs tested; 2) Mutations were excluded from the main tables when the frequencies of the mutation were equal in resistant and susceptible strains. Due to the large number of mutations reported (146 total), this frequency threshold was used to report only the most frequently reported mutations in the main tables. All mutations not meeting the above mentioned criteria, are available in S1 Table. Results Fig. 1 illustrates the study selection and exclusion process utilized for this review. Initial search parameters identified 193 studies published from May, 1996 through April 15, 2013. Forty-six publications met all eligibility criteria and were included in the review [3, 4, 8-10, 12, 15, 18, 20, 22, 27-62] . (PRISMA checklist included in S2 Table) .
Description of Included Studies
Of the 46 studies included, the earliest was published in 1996, with 23 (50%) published in the last three years (Table 1) . Altogether, mutation data was provided for 3,846 unique clinical Mtb isolates with various phenotypic resistance profiles to FQs. The reported geographic origins of these strains were diverse, covering four continents and 18 countries. Frequency and Geographic Distribution of gyrA and gyrB Mutations A total of 146 unique mutations were reported relative to the reference H37Rv genome: gyrA (76 unique mutations, 34 single mutations and 42 multiple mutations), gyrB (28 unique mutations, 25 single mutations and 3 multiple mutations) and gyrA and gyrB (42 multiple mutations). We evaluated the DST methods and critical drug concentrations used in each study to define whether a strain was phenotypically resistant or not. Table 2 shows the DST methods and critical concentrations used in each of the included studies and whether or not they conformed to published reference standards. The drug concentrations used in 35 of the 46 (76%) studies conformed to at least one national or international published standard, 4 (9%) studies were conducted in national reference laboratories. The remaining 7 (15%) studies did not document a specific reference laboratory standard.
gyrA Mutations Associated with Fluoroquinolone Resistance
Of the 46 papers examined in this review, all 46 studied resistance-associated markers within gyrA. Fig. 2 shows the gyrA studies as a heat map of the number of isolates evaluated in all 46 studies as well as the locations of the mutations found in gyrA. Thirty-four studies sequenced the QRDR of the gyrA gene,11 studies sequenced part of the QRDR of the gyrA gene; only one study sequenced the entire gyrA gene. 
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Agar proportion indirect susceptibility assay Table 3 shows the cumulative frequencies of the most commonly reported mutations in the gyrA gene associated with resistance to the primary FQs across publications. Resistance to ofloxacin, levofloxacin and moxifloxacin was studied in the largest number of isolates, but it is important to note that the primary canonical mutations listed in Table 3 appeared to be associated with resistance to all of the clinically relevant FQs, suggesting some level of cross-resistance is likely. Additionally, a subset of studies specifically examined and found evidence of cross resistance associated with these mutations, for example, most moxifloxacin resistant isolates with the A90V mutation (18%) were also resistant to ofloxacin (17%).
Eighty seven percent of the moxifloxacin resistant isolates and 83% of the ofloxacin resistant isolates had mutations in their gyrA genes, with most mutations occurring in codons 88-94 (Table 3, S1 Table and S3 Table) . The cumulative frequency of individual mutations associated with FQ resistance was highest for the gyrA mutation D94G, ranging from 21-32% in FQ-resistant isolates depending on the specific FQ tested. The gyrA A90V mutation was the second most frequent mutation observed in FQ resistant isolates, and was found in 13-20% of FQ-resistant isolates depending on the FQ tested. Across all drugs tested, the gyrA mutations G88C and D94V were least frequent (1-2%).
Most importantly, none of the mutations listed in Table 3 occurred in more than a few of the many thousands of FQ susceptible isolates evaluated. Of the 41 studies reporting single Frequency and Geographic Distribution of gyrA and gyrB Mutations A90V mutations, only two studies (n = 4) reported the A90V mutation in FQ susceptible isolates. Two other mutations were reported in susceptible isolates: D94A and D94N, but less than 1% of susceptible isolates contained these mutations, leaving open the possibility these were likely phenotypic DST errors.
gyrB Mutations Associated with Fluoroquinolone Resistance
Eighteen of the 46 (39%) publications included sequence data for gyrB. However, overall the gyrB mutations have only been evaluated in a few hundred FQ-resistant strains. Mutations of the gyrB gene occurred most frequently within ofloxacin resistant isolates ( Table 4 ). The gyrB N538D mutation (also reported as N510D in some publications depending on the numbering system used), as well as D500H, T539N and A543V were reported to be rare among ofloxacinresistant isolates, at frequencies of less than 1%. While the number of susceptible isolates examined for gyrB mutations was low, it is important to note than none of them contained mutations listed in Table 4 .
Double Mutations in gyrA Associated with Fluoroquinolone Resistance
Several studies reported double mutations in gyrA, gyrB or both gyrA and gyrB; S3 Table includes double mutations reported within the gyrA gene. The most commonly reported double mutations largely included the previously examined A90V mutation. While the cumulative frequencies of gyrA double mutations ranged from 1-3% among resistant isolates, no susceptible isolates were reported to contain any of the double mutations, suggesting that although rare, double gyrA mutations are highly specific predictors of FQ-resistance. Table 5 shows the cumulative frequencies of gyrA point mutations in FQ resistant isolates by country. The greatest number of studies came from China (n = 13), followed by Russia (n = 5), with all other countries contributing less than four studies each. Both China and Russia reported the gyrB mutation D500H in FQ resistant isolates. In China, 85% of mutations reported were found in codons 88-94, whereas 89% of mutations in Russia were in these codons (the remainder of the mutations occurred outside of these codons and in gyrB). Of the 18 countryspecific studies included in our review, 14 reported mutations in codon 90 (all in A90V) with frequencies ranging from 6% of FQ resistant strains in Iran to 30% of FQ resistant strains in the Philippines. Sixteen countries reported mutations in codon 94. For gyrA D94G, the cumulative frequency of the mutation in all FQ resistant strains ranged from 6% in Iran to 56% in South Korea. While A90V and D94G were the most frequently reported mutations overall, four countries reported mutations other than these mutations with higher frequency. In India, the most commonly reported mutation was D94A (20%); in Iran the most commonly reported mutation was D94N (11%); in Portugal the most commonly reported mutation was S91P (42%) and in Spain the most commonly reported mutation was D84G (17%).
Mutations in gyrA Associated with Fluoroquinolone Resistance by Country
Discussion
From the literature reviewed, it is evident that the QRDR of gyrA has been widely studied in FQ resistant Mtb isolates; while the remainder of the gyrA gene and the gyrB gene have been only rarely evaluated. In this review, we found that mutations occurring in the QRDR, Frequency and Geographic Distribution of gyrA and gyrB Mutations specifically in codons 88-94, were found in 85% and 82% of phenotypic moxifloxacin and ofloxacin resistant strains, respectively. These results suggest that gyrA mutations in codons 88-94 are likely to be very sensitive markers of phenotypic resistance to FQ drugs in Mtb isolates, with high likelihood of cross-resistance to all the major FQs. Only one study included in the review sequenced the entire gyrA gene, explaining why very few mutations were reported outside of the QRDR region. The understudied gyrA regions may contain mutations that help explain the 15-18% of reported FQ resistant strains that did not appear to have mutations in codons 88-94 of the QRDR of gyrA. Additionally the 15-18% of FQ resistant Mtb strains with no identified mutation may possess an alternate mechanism of resistance [35, 63, 64] . Low cell wall permeability, efflux-related mechanisms, and drug sequestration or inactivation have been proposed to account for FQ resistance in these isolates [27, 64] . Equally important to the high frequency of the gyrA mutations in FQ resistant isolates, is the fact that these mutations occurred in only a few (<1%) FQ susceptible isolates, suggesting that these mutations will have close to 100% specificity as markers of phenotypic FQ resistance. The very few susceptible isolates with QRDR mutations may also have been DST errors as most QRDR mutations (the canonical mutations) have been shown to confer resistance at WHO approved critical concentrations [21] . Mutations in the Mtb gyrB gene were also associated with FQ resistance but at a much lower frequency. In this study, these mutations were only evaluated in a few hundred FQ resistant strains and were rare (1-2% of FQ isolates observed). Mutations in gyrB typically occur in association with gyrA mutations [11] [12] [13] [14] [15] and most often occur in codons 500 and 538 [16] , making it difficult to assess their individual contributions to phenotypic resistance. In a recent study by Malik et al. [21] functional genetic analysis of gyrB indicated that certain mutations in gyrB confer FQ resistance, however the level and pattern of resistance varied among the different mutations. Nonetheless, the results from their study provide support for the inclusion of mutations in the QRDR of gyrB in next generation molecular assays used to detect FQ resistance in Mtb. In this review, some gyrB mutations did occur independently of gyrA mutations which could help explain the phenotypic resistance in isolates that don't have mutations in the QRDR region of gyrA. In our study, the most common gyrB mutations occurred in codons 500, 538, 539 and 543. No susceptible isolates were reported to contain gyrB mutations, suggesting these rare mutations are highly specific markers of FQ-resistance.
Although rare, gyrA double mutations were found to occur in codons 90 and 94. Double mutations suggest Mtb may be undergoing adaptive evolution to improve the fitness of the bacteria in response to global FQ treatment [65] . Although the data from this review were limited by the lack of geographical diversity of strains with double mutations, double gyrA mutations were never reported in FQ susceptible Mtb strains and are likely highly specific markers of FQ resistance in Mtb.
In this study, we noted that ofloxacin-resistant clinical isolates were consistently cross-resistant to the newer FQs (eg. moxifloxacin). While there is building evidence to suggest that certain gyrA mutations are associated with differential cross resistance to the different FQs, it would appear from our study that many of the canonical gyrA mutations should probably be considered broadly cross resistant while evidence of mutation-specific differential resistance is being verified.
The WHO has listed 27 "high burden" TB countries; data from seven of these countries (China, India, Pakistan, Philippines, Russia, South Africa and Vietnam) were included in this review. While several studies have commented on potential geographic differences [2, 15, 28, 40, 42, 45, 46, 51, [66] [67] [68] in frequencies of resistance conferring gyrA and gyrB mutations within and between countries, few attempts have been made to characterize these differences. In our study, we demonstrated that single gyrA mutations and resistance to FQs varies geographically. One possible reason for the diversity of mutations between countries may be attributed to different social and geographic transmission environments giving rise to different pressures of natural selection. A second possible reason for this diversity may be attributed to differences in treatment regimens containing FQs, which can result in geographically diverse drug-based selection pressures. Identifying geographical areas with high frequencies of unique mutations may help improve molecular surveillance methods and identify areas of concern for molecular diagnostic assay scale up. However, as long as next generation molecular diagnostics or whole gene/genome approaches are able to detect all of the canonical gyrA mutations known to confer resistance, and geographically diverse mutations show the same specificity, the observed spatial diversity of mutations will not decrease sensitivity or specificity of next generation assays.
The WHO Stop TB Program has emphasized the need to strengthen diagnostic testing and the need to develop rapid diagnostics [69] . The only commercial assay for rapid detection of FQ resistance in clinical samples currently is the MTBDRsl line probe assay (Hain Lifescience, Nehren, Germany). The MTBDRsl assay can detect Mtb mutations A90V, S91P, D94A, D94N/ Y, D94G, and D94H, with a recently reported pooled sensitivity and specificity of 87% and 97% respectively on direct clinical samples [70] . While we did observe mutations in gyrA outside of the codons interrogated by the MTBDRsl assay, and in gyrB (1-2% of FQ-resistant strains showed single mutations in gyrB), our findings indicate that at least 85% and 82% of moxifloxacin and ofloxacin resistant strains, respectively, were observed to contain mutations in the codons interrogated by the MTBDRsl assay. This data is consistent with the pooled sensitivity of the MTBDRsl assay recently reported in a Cochrane review [71] and suggests that the MTBDRsl assay is likely to have good sensitivity for detection of moxifloxacin and ofloxacin resistance globally depending on its ability to detect these mutations in clinical samples. Based on the frequency of QRDR mutations observed in FQ resistant strains in China and Russia (83% and 84% respectively), the MTBDRsl assay may have a similar sensitivity in those countries. However, it is important to understand that biases in the collection of strains in the studies from those countries may have contributed to the frequencies observed. This emphasizes the need for representative national and global surveillance of resistance mutations to obtain more reliable estimates of global frequencies of these mutations in order to design next generation molecular diagnostics and optimize global performance.
Recently the WHO Expert Group concluded that based on available evidence, the GenoType MTBDRsl assay had a pooled sensitivity and specificity of 84% and 97% respectively. The expert panel determined that while the specificity was sufficient for a "rule-in" test of FQ resistance, it should not be used as a replacement test for conventional phenotypic testing yet [72] due to a high proportion of phenotypic FQ resistant isolates that it appears to be unable to detect. Our review of the global frequencies of gyrA mutations in FQ resistant isolates suggests that next generation assays able to detect all of the gyrA mutations presented in this review should have sensitivities of at least 87% and 83% for detection of moxifloxacin and ofloxacin resistance respectively, depending on their ability to detect these mutations in clinical samples. Based on our review and previously published work on gyrA frequencies by others [16, 73, 74] , it seems unlikely that molecular diagnostics based on gyrA mutations alone will have global sensitivities exceeding 95%, and may suffer from geographic variability. But it is important to view this limitation in the context of the fact that less than 30-45% of MDR-TB, and likely less FQ resistant TB, is currently being detected by standard phenotypic methods [75] . Existing molecular diagnostics based on detection of QRDR mutations could significantly improve the number of FQ resistant TB cases being detected and treated appropriately.
Limitations
This study has several limitations. The cumulative frequencies calculated were based on two main assumptions. First, it was assumed that all the mutations reported were independent of each other. If some isolates were misclassified as independent when they were, in fact, not, this could have caused an overestimation in our cumulative frequencies of that specific mutation. Every effort was made to ensure that the isolates and the mutations presented in one study were not also reported in another study. Every manuscript was scrutinized for evidence of the same isolates being reported on and to the best of our knowledge all isolates reported were unique. A second potential source of misclassification error was in our use of the DST results as reported. For example, if an isolate was misclassified as resistant based on faulty DST data, when it was, in fact, susceptible, and it did not have the expected mutation then we would have underestimated the cumulative frequency of that mutation among resistant isolates. To minimize the chances of such misclassification, we excluded manuscripts with no explicit descriptions of their DST methods and clear definitions of what constituted a resistant or susceptible isolate using accepted DST drug concentrations and methodologies. For those studies that did not state which section of a gene was sequenced, this was assumed based on the mutations reported, possibly introducing misclassification bias. Identified "hot spots" were grouped by country (as not all studies reported the city the isolates were collected in) regardless of the year the isolates were collected. Additionally it was assumed that these mutations would remain in the same locations between the time the data were collected and the time of this publication. Moreover, studies reporting from only one country were generalized to the entire country, possibly introducing misclassification bias. Lastly, the exclusion of laboratory generated mutations may have led to the under-reporting of gyrA mutations. While laboratory generated mutations and clinical isolates have common features, they also have some key differences. Sun et al. [27] observed mutations occurring in clinical isolates most often did not occur in the laboratory generated mutations. Furthermore, clinical isolates and laboratory generated mutations differed in frequency for various mutation patterns. Thus, while laboratory generated mutations are critical to the understanding of the mechanism of mutations, these mutations do not always accurately reflect the mutations and frequencies of mutations observed in clinical isolates and were therefore excluded from this review of mutations for the purposes of understanding molecular diagnostics for clinical isolates.
Conclusion
To maximize the sensitivity and specificity of molecular diagnostics based on detection of mutations conferring FQ resistance in Mtb, we need an understanding of the frequency and geographic distribution of these mutations. In this review, gyrA mutations reported in codons 88-94 appeared to account for at least 82% of phenotypic ofloxacin resistance and 85% of moxifloxacin resistance globally, while gyrB mutations and gyrA double mutations occurred only rarely. While we did observe geographic differences in the frequencies of specific gyrA mutations between countries, it is likely that next generation molecular assays that can detect all of the gyrA and gyrB mutations documented to confer resistance, will have good sensitivity and specificity globally. Using existing molecular diagnostics to rapidly detect FQ resistance in clinical Mtb strains could substantially enhance drug resistance control efforts, with the goal of interruption of disease transmission and ultimately incidence reduction, especially in countries with cross-resistance. While it appears the line probe assay, Genotype MTBDRsl should have good sensitivity and specificity for detecting phenotypic FQ resistance globally, future national and international surveillance studies focusing on prevalence of mutations across all of gyrA and gyrB, could improve design and optimization of next generation molecular diagnostics for detecting FQ resistance.
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